Juvenile pathogen exposure affects the presence of personality in adult field crickets by Nicholas DiRienzo et al.
ORIGINAL RESEARCH
published: 08 April 2015
doi: 10.3389/fevo.2015.00036
Frontiers in Ecology and Evolution | www.frontiersin.org 1 April 2015 | Volume 3 | Article 36
Edited by:
Peter Schausberger,




University of Melbourne, Australia
Sarah E. Bengston,




Physiology and Behavior, University of
California, Davis, One Shields Ave.,
Davis, CA 95618, USA
ndirienzo@gmail.com
Specialty section:
This article was submitted to
Behavioral and Evolutionary Ecology, a
section of the journal Frontiers in
Ecology and Evolution
Received: 18 December 2014
Accepted: 20 March 2015
Published: 08 April 2015
Citation:
DiRienzo N, Niemelä PT, Skog A,
Vainikka A and Kortet R (2015)
Juvenile pathogen exposure affects
the presence of personality in adult
field crickets. Front. Ecol. Evol. 3:36.
doi: 10.3389/fevo.2015.00036
Juvenile pathogen exposure affects
the presence of personality in adult
field crickets
Nicholas DiRienzo 1*, Petri T. Niemelä 2, Anu Skog 3, Anssi Vainikka 4 and Raine Kortet 4
1 Animal Behavior Graduate Group, Department of Neurobiology Physiology and Behavior, University of California, Davis,
Davis, CA, USA, 2Department Biology II, Ludwig-Maximilians University of Munich, Munich, Germany, 3Department of
Biology, University of Oulu, Oulu, Finland, 4Department of Biology, University of Eastern Finland, Joensuu, Finland
Despite the ever increasing interest in animal personalities, i.e., among-individual variation
in behavior, there are still several gaps in our understanding of how experiences during
ontogeny influence the expression of behavior in adulthood. Immune challenges during
ontogeny have been proposed to drive feedback loops between investment in immune
function and personality type. In this study we investigate the effects of an early immune
challenge, in the form of an introduced bacterial pathogen, on the development of
personality in field crickets. Our results indicate that early pathogen exposure does
not influence life history characteristics, immune response, or mean level of boldness
behavior. Instead, early immune challenge affects the presence of personality later in
the adult stage. Specifically, immune challenged individuals lack repeatability in some
aspects of boldness behavior, indicating that among-individual variation is not present,
while non-immune challenged individuals remain repeatable in their boldness behavior.
This study joins a slowly growing body of literature indicating that experiences during
ontogeny can have large influences on the among-individual differences in behaviors,
thus affecting the presence of personality as adults.
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Introduction
A wealth of literature shows that animal personalities occur commonly across various taxa
(Sih et al., 2004; Dingemanse and Réale, 2005; Bell et al., 2009). These personalities consist of
among-individual level behavioral differences that are maintained over time and/or contexts,
and result in some individuals being consistently more bold, active, or aggressive, compared to
other conspecifics within a population (Bell and Stamps, 2004; Dingemanse et al., 2004; Dochter-
mann and Jenkins, 2007; Kortet and Hedrick, 2007; Pruitt et al., 2008, 2011). Personalities have
been shown to both influence and be influenced by a range of ecological processes (Smith and
Blumstein, 2008; Cote et al., 2011; Fogarty et al., 2011; Sih et al., 2012; Wolf and Weissing,
2012). Despite the continuously increasing interest in animal personality, there still exist sev-
eral major gaps in our understanding of the environmental processes which affect the expressed
variation in behavior. One of the suggested ecological forces that may generate and maintain
behavioral variation is the experienced pathogenic environment (Kortet et al., 2010). Specifically,
exposure to pathogens may drive feedback loops that create or diminish individual differences
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in behavior (i.e., increased immune function resulting from
pathogen exposure facilitates increased boldness/aggression/
exploration by reducing risk of parasitism/disease). One major
challenge in the field is to understand the role of early life expe-
riences, specifically that of parasitic infections, in explaining the
development of personality over ontogeny, especially in relation
to the simultaneous development of the immune system. In this
study we investigate the effects of juvenile exposure to an oppor-
tunistic pathogenic bacteria on expression of mean level of adult
boldness behavior, variation in individual boldness scores, and
immune response using the cricket, Gryllus integer.
The role of early life experience in the development of ani-
mal personalities has been given relatively little attention outside
of a few model systems (Higley et al., 1991; Caspi et al., 2005;
Groothuis et al., 2008). Furthermore, the majority of current
research on personality focuses predominantly on adult individ-
uals, and does not consider the role of ontogeny in determining
personality. Overlooking the importance of juvenile life stages
may lead tomisinterpretations as to how stable personality is over
time. Several conceptual papers address the importance of early
life experience, and discuss the associated implications (Stamps
and Groothuis, 2010a,b; Groothuis and Trillmich, 2011). Gener-
ally, variation in experiences during ontogeny could cause vari-
ation in the expression of developmental plasticity, and in turn
alter the consistency of behavior across both time and context, as
well as correlations between multiple personality traits (Stamps
and Groothuis, 2010b). This could be a byproduct of the costs
of plasticity varying over ontogeny, such that the costs of plas-
ticity during development are lower than the costs of plasticity
during adulthood (Hoverman and Relyea, 2007). Indeed, several
studies have shown that adult personality traits are sensitive to
environmental conditions during ontogeny (Butler et al., 2012;
DiRienzo et al., 2012; Bengston et al., 2014). For example, crick-
ets reared in the presence of conspecific acoustic signals are less
aggressive than those reared in the absence of conspecific acoustic
signals (DiRienzo et al., 2012). Given these potentially signifi-
cant contributions of early life experiences to adult behavioral
phenotype, it is important to increase our knowledge about the
role of experiential factors during ontogeny in determining adult
personality.
We do not currently understand how individuals solve pre-
dicted tradeoffs between personality and investment in immune
function or parasite tolerance (Kortet et al., 2010). Immune
function in itself is costly, both to develop and use, and might
force organisms to make tradeoffs with other energetically costly
traits, including behaviors (e.g., activity, aggression) (Kortet et al.,
2010). The freshwater snail, Lymnea stagnalis, exhibits a negative
correlation between predator-avoidance behavior and immune
function, such that individuals who devote more time to avoid-
ance behaviors suffer from decreased immune function (Rigby
and Jokela, 2000; Barber and Dingemanse, 2010). Alternatively,
immune function-personality interactions may drive positive
feedback loops between the two. Intrinsically efficient immunity
or high investment in immune function due to stochastic events
early in life may allow for increased expression of costly traits
such as boldness, activity, and aggression which attract and/or
increase exposure to parasites, but further help the individuals
to invest more in immunity through the ability to acquire more
resources (Kortet et al., 2010). Additionally, such positive feed-
back loopsmay promote consistent among-individual differences
in behavior, thus driving the development of personality (Kortet
et al., 2010; Luttbeg and Sih, 2010). Understanding how person-
ality is related to immune function is important because behav-
iors can affect fitness by altering the rate at which an individual
encounters pathogens in its environment (Kortet et al., 2010). For
example,Wilson et al. (1993) found that in the wild pumpkinseed
sunfish, Lepomis gibbosus, individuals who were caught in traps,
and thus deemed more exploratory, carried higher levels of cer-
tain pathogens (“blackspot” infection) relative to the population
as a whole. Interestingly, the same exploratory fish also harbored
lower levels of other pathogens (“white grub” infection), suggest-
ing that behaviors do not always associate with parasite loads
as expected, or alternatively are driven by other state-dependent
factors not identified in these experiments.
Early life experience and investment in immune system can
undoubtedly interact with one another to affect later adult per-
sonality, although how they interact is currently poorly under-
stood (Kortet et al., 2010). The development of the immune
system could be directly related to expression of personality later
in life. For example, in insects immune challenges at an early
age have been shown to produce long-lasting immune system
up-regulation or immune priming that can persist for a large pro-
portion of an organism’s lifespan (Moret and Siva-Jothy, 2003;
Sadd and Schmid-Hempel, 2006). Such an investment could
directly affect the level of adult behavioral expression. Indeed,
in both rodents and mallard ducks, individuals that experienced
an immune challenge as juveniles were found to have more
exploratory and active personality types as adults relative to those
not given an immune challenge (Rico et al., 2010; Butler et al.,
2012). It is hypothesized that such an exposure might be a signal
of a pathogen-dense environment, and the associated increases
in activity levels might promote the search for a less pathogen-
dense environment (Kortet et al., 2010). Still, evidence regarding
how exposure to pathogens early in life affects the development
of behavioral expression is limited, and it is unknown if juve-
nile pathogen exposure has a consistent positive effect on later
personality type.
The goal of our experiments was to probe the interplay of
individuals’ early life experiences in the form of a bacterial infec-
tion and study how the pathogenic exposure affects investment
in immune function and subsequent expression of boldness (i.e.,
the willingness to expose oneself in a novel, potentially risky envi-
ronment). We focused on the following three questions: (1) How
does exposure to pathogens as juveniles affect among-individual
level variation in behavior as adults (i.e., personality)? (2) Does
exposure to pathogens as juveniles affect the relationship between
immune function and personality as adults? (3) How is adult
mean level of behavior affected by pathogen exposure in the
juvenile stage? We studied these questions by exposing juvenile
field crickets to either a pathogenic bacteria or control solu-
tion, and then measured boldness behavior repeatedly as adults.
After the behavioral measurements, we assessed two measures of
immune function: Phenoloxidase activity, which when activated
produces secondary components that aid in pathogen defense
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(González-Santoyo and Córdoba-Aguilar, 2012), and encapsu-
lation response, which is an immune response to multicellular
foreign bodies (Paskewitz and Riehle, 1994; Gillespie et al., 1997).
We predicted that (1) juveniles exposed to pathogens would dis-
play greater among-individual variation in behavior relative to
those not exposed to pathogens as a result of positive feedback
loops between immune function and boldness behavior. We pre-
dicted that (2) groups exposed to pathogens would invest more
in immune function as a result of the exposure (Moret and Siva-
Jothy, 2003; Sadd and Schmid-Hempel, 2006), and thus demon-
strate greater immune responses as adults. We also predicted
that (3) pathogen-exposed juveniles would demonstrate greater
boldness in a novel environment relative to those not exposed to
pathogens. Finally, we predicted that (4) exposed juveniles would




This study was conducted from November, 2011 through
March, 2012 at the University of Oulu, Finland. We used field
cricket (Gryllus integer) individuals from a laboratory population
(approximately 8–9th generation) that was founded by individ-
uals from a wild population (Davis, California, USA). The pop-
ulations periodically received additional wild-caught crickets in
order to avoid potential inbreeding and increase genetic diversity.
Crickets weremaintained at the Experimental Unit of the Univer-
sity of Oulu. At the start of the experiment, we sorted 315 nymphs
(∼1 week old) from the laboratory population into individual
plastic containers (length 128× width 98× height 73mm). They
were held at a 12:12 h light:dark cycle at 27◦C ± 1◦C, and pro-
vided ad libitum food (reindeer pellets, Rehuraisio OY, poron
herkku) and water. Individuals were provided a unique identi-
fication number at the outset. The identification numbers were
given in sequential order as the crickets were sorted into their
individual containers, and the numbers were written on the indi-
vidual container the cricket was associated with. Nymphal body
mass ranged from 0.0004 to 0.0010 g (n = 10). Due to the small
size, we did not weigh each nymph beyond the first 10 in order to
avoid possible damage from handling.
Treatment Groups
A total of three treatment groups were created: (1) juvenile bac-
terial injection, (2) juvenile control injection, (3) no injection
control. Crickets from treatments 1 and 2 were injected with a
Hamilton microsyringe between the 3rd and 4th segment of the
abdomen. Injections took place on three separate days (Novem-
ber 28th, 30th, and December 4th, 2012) when individuals were
on average at the 3rd instar (range 2nd–4th instar). Group one
received a 5 µl injection of a 10−4 dilution of a 24-h culture of
the opportunistic bacterial pathogen Serratia marcescens. Pilot
data revealed that injections at stronger concentrations (10−3)
were lethal (see also Kortet et al., 2012). Group two received a
5 µl injection of sterile nutrient broth. Group three received
no injection. A new bacteria culture was created for each day
in which crickets were injected. Bacterial growth was evident
each day given the change in color in the growth medium.
Individual body mass in all treatment groups was taken at this
same time point. All crickets were checked for maturation three
times a week on Monday, Wednesday, and Friday. Adult body
weight and sex was recorded 5 days after maturation. Of the
approximately 315 nymph that were initially sorted (105 per
treatment), a total of 224 individuals reached maturity (juvenile
bacterial injection n = 73, juvenile control injection n = 73,
control n = 78). Sixty four individuals died after the treat-
ment application, but before reachingmaturity (juvenile bacterial
injection n = 24, juvenile control injection n = 22, control
n = 18). The remaining individuals either did not mature, or
matured after the 5 month period in which this project was
conducted.
Boldness Trials
Individual boldness was quantified using a novel-environment
test, which is an established method for assessing boldness in
field crickets (Hedrick, 2000; Kortet and Hedrick, 2007; Hedrick
and Kortet, 2012; Dirienzo et al., 2013), and has previously been
shown to be repeatable (Kendal’s W = 0.337) (Niemelä et al.,
2012). Seven days after adult maturation, individual crickets were
placed inside a semi-opaque vial within an unfamiliar arena
(19 × 19 × 11 cm). The vial was placed in a vertical position to
prevent the cricket from coming out. After a 2min acclimation
period the vial was gently placed in the horizontal position allow-
ing the cricket to exit. We recorded the latency for the cricket
to become active after being placed in the horizontal position
and the latency for the cricket to fully emerge from the vial.
Low values of these measures indicate high levels of boldness
(i.e., willingness to expose oneself to risk in a novel environ-
ment). All trials were conducted in dark conditions with only
dim red light. Cricket vision is poor in red light (Briscoe and
Chittka, 2001); thus this minimized external and observer influ-
ences while mimicking nocturnal conditions. The boldness trial
was repeated on the following day using the same procedures.
The vial was cleaned with 70% isopropyl alcohol and the sand in
the arena was changed after each trial. All boldness trials were
conducted between 9:30 and 15:00. Trials were limited to 20min
for logistical reasons.
Encapsulation Response
Encapsulation response was measured by inserting a small nylon
monofilament implant into the abdomen. This method elicits a
non-specific immune response that results in the encapsulation
of the foreign body (e.g., fungi, nematodes, parasitoids) (Rantala
and Kortet, 2003; Koskimäki et al., 2004), and is widely used
to estimate the strength of insect immune response (Rantala
and Kortet, 2003; Simmons et al., 2005; Kortet et al., 2007,
2012). 24 h after the final boldness trial, we placed a 2mm-long
implant between the 2nd and 3rd segments of the abdomen. The
implant was made from 0.16mm fishing line (Stroft GTM, Rein-
feld, Germany), which was knotted at one end and roughened
with P400 sand paper to increase encapsulation area. Crickets
were immobilized with CO2 before implantation. The cricket
immune system was allowed to encapsulate the implant for 24 h
before removal. All implants were cleaned with 70% ethanol
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before inserting into the cricket. For the removal of the implants,
crickets were immobilized again with CO2. After the removal,
the implants were frozen at −20◦C for later analysis. Analysis
consisted of photographing an individual implant from three
angles using a light microscope and attached camera. Using the
program Image-J (http://rsbweb.nih.gov/ij/), we measured the
gray value of the reflected light from the area of the implant
that showed melanization. As the strength of encapsulation we
used the average of the three gray values subtracted from the
gray value of a clear control implant. Thus, larger values indi-
cate a stronger encapsulation/immune response as less light
is reflected from the melanized implant (Rantala and Kortet,
2003).
Phenoloxidase Activity
After the implants were removed, we recovered 5µl of
hemolymph by removing one of the hind legs and collecting the
hemolymph with a micropipette. After removal of the leg the
crickets were quickly sacrificed by decapitation while they were
still under the influence of CO2. The hemolymph was thenmixed
with 40µl of a phosphate buffered saline (PBS) solution (pH 7.4,
Sigma-Aldrich), and frozen at−20◦C until analyzed in May 2013
at the University of Eastern Finland. Total phenoloxidase activ-
ity was determined photometrically as the linear rate of increase
(compared to the PBS control) in optical density during 30min at
490 nm, after addition of 180 µl L-Dopa (Sigma-Aldrich, China)
in concentration of 2.366 g l−1 in 1/15M KH2PO4 (9.073 g l
−1):
1/15M Na2HPO4 × 2 H2O (11.87 g l
−1) 83:17 buffer (pH 6.2).
Samples (20 µl) were analyzed in duplicate. Equal reaction time
among samples was ensured by the automated L-Dopa injec-
tion in the used plate reader (FLUOstar Omega, BMG Labtech,
Germany).
Statistical Analysis
The statistical software package R version 3.1.1 (R Core Team,
2015) was used for all the analyses. The presence of personality
(among-individual repeatability) in each of the treatment groups
was measured by calculating the repeatability between the first
and second measure of the log-transformed latency to become
active and binomial measure of if the individual emerged from
the vial or not. Repeatability scores of each treatment group
were calculated separately using the rptR package, which allows
for the calculation of repeatability values (intraclass correlation
coefficient) for both Gaussian and binomial data (Nakagawa
and Schielzeth, 2010). This package calculates repeatability val-
ues for binomial data as the ratio between among-individual
variance and among-individual variance plus the residual vari-
ance, i.e., total phenotypic variance (fixed to (pi∧2)/3 for bino-
mial data). Given that the residual variance in our model
is fixed, any changes in repeatability are attributed to differ-
ences in among-individual variance (Nakagawa and Schielzeth,
2010).
We assessed the relationship between life history character-
istics and covariates using general linear models. The three life
history characteristics assessed were adult body weight, the num-
ber of days to reach maturity, and growth rate. Growth rate was
measured simply as the adult bodymass divided by the number of
days until maturation given the nymphal mass (0.0004–0.001 g)
at the start of the treatment was negligible relative to the range
adult mass (0.405–0.858 g). Factors included treatment group and
sex. Four models were fitted for each response variable: treatment
group as amain effect, sex as amain effect, both treatment and sex
as a main effect, and an interaction between treatment and sex.
All models, as well as a null model, were fitted using the BBMLE
package (Bolker and R Development Core Team, 2014). After fit-
ting they were compared using Akaike information criteria (AIC)
(Burnham and Anderson, 2002). If the1AICc between twomod-
els is greater than two, the model with the lower AIC is consid-
ered to fit statistically better (Richards, 2005). Akaike weights,ωi,
were also calculated. These weights estimate the probability of a
model being the best fit for the data relative to the other models
in the set.
In order to assess if boldness was affected by bacterial
treatment as well as by the covariates, we used a combina-
tion of generalized linear mixed models. Latency to become
active measurements were log transformed to achieve normal-
ity (Shapiro-Wilk W = 0.8026, p < 0.001). We created a series
of generalized linear mixed models with normal error distribu-
tions. Individual identification number was included as a ran-
dom effect, and sex, treatment group, development rate, adult
weight, and juvenile weight as fixed effects. All models included
individual ID as a random effect, and then either one of the
factors/covariates alone as a fixed effect. Model with biologi-
cally relevant interactions between fixed effects were also cre-
ated (e.g., juvenile weight ∗ sex), as well as models containing
the same pair of fixed effects without the interaction (e.g., juve-
nile weight + sex). Potentially collinear covariates (e.g., juvenile
weight, adult weight, development rate) were never included in
the samemodel. SeeTable 1 for a full list of model structures. The
cricket latency to emerge values were highly truncated against the
20min limit of our trial, as a large number of the crickets did not
emerge from the vial (percent emerged: juvenile bacterial injec-
tion trial one = 60%, trial 2 = 49%, juvenile control injection
trial one = 60%, trial 2 = 55%, control trial one = 60%, trial 2 =
56%). Thus, we converted themeasure to a binomial measure and
used a generalized linear mixed model with binomial error distri-
bution and a logit link function to assess the effect of treatment
and other factors on the probability of the cricket exiting the vial
(Hammond-Tooke et al., 2012). The model covariate structures
were the same as previously used. All models, as well as a null
model, were fitted using the lme4 package (Bates et al., 2014).
Model R2 values were calculated following themethods described
in Nakagawa and Schielzeth (2013). The methods allows for the
calculation of themarginal R2 value ofmixedmodels, which is the
proportion of variance described solely by the fixed effects within
the model, as well as the conditional R2, which is the proportion
of variance described by both the fixed and random effects within
model (Nakagawa and Schielzeth, 2013).
To understand if immune response is related to personal-
ity type we used separate general linear models, because we
did not have the measures of immunity for all the individu-
als (hemolymph samples obtained: juvenile bacterial injection
n = 50, juvenile control injection n = 53, control n = 50;
implants recovered: juvenile bacterial injection n = 40, juvenile
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control injection n = 48, control n = 44). The models con-
sisted of phenoloxidase activity or encapsulation response as
response variable. Explanatory factors included sex, treatment
group, development rate, adult weight, and juvenile weight as
fixed effects. Models were created with these covariates as fixed
effects only or with interactions between them. Additionally, we
created models that included the average of the untransformed
boldness scores across the two treatments (average latency to
become active and latency to emerge) as variables. We also cre-
ated models that included the absolute value of the difference in
untransformed boldness scores between the two trials as covari-
ates. The averages and absolute value of the boldness scores will
allow us to assess how mean level of personality and change in
boldness across the two trials are related to immune function,
respectively. All models, as well as a null model, were fitted using
the lme4 package.
TABLE 1 | List of model structures used to analyze relationship between








Treatment + juvenile weight
Treatment + adult weight
Treatment + growth rate
Treatment + sex
Sex + juvenile weight
Sex + adult weight
Sex + growth rate
Treatment + juvenile weight + treatment*juvenile weight
Treatment + adult weight + treatment*adult weight
Treatment + growth rate + treatment*growth rate
Treatment + sex + treatment*sex
Sex + juvenile weight + sex*juvenile weight
Sex + adult weight + sex*adult weight
Sex + growth rate + sex*growth rate
Response variables consisted of either the latency to become active or the probability of
emerging from the vial.
Results
Repeatability of Boldness
Latency to become active within the vial was repeatable in all
three treatment groups (Table 2). Treatment had a large effect
on the repeatability of emergence from the vial (Table 2). 45% of
juveniles who received a bacterial injection changed their behav-
ior across both trials (e.g., emerge on the first trial, stayed in the
second, or vice-versa), compared to 40% of control injections and
29% of non-injected controls. Both control groups were repeat-
able in terms of their tendency to exit vs. remain in the vial, while
juveniles who received a bacterial injection were not repeatable
in this behavior. Thus, the among-individual variation decreased
as a result of juvenile bacterial injection.
Life History
Bacterial infection did not affect life history characteristics. The
best fit models for growth rate, days until maturation, and adult
body weight included only the main effect of sex (1 AIC to
next model >3 in all comparisons). Thus, only the top models
are presented for the three life history characteristics measured
(Tables 3). The general trend indicates that males had larger adult
body mass than females (female = 0.579 g, SE = 0.007, male =
0.624 g, SE = 0.008), faster growth rate (female = 0.010 g day−1,
SE = 0.000, male = 0.012 g/day, SE = 0.000), and took less time
to reach maturity (female = 59.257 days, SE = 1.320, male =
55.35 days, SE = 1.075). It is important to note the small R2 val-
ues suggest that these best fit models still only account for a small
proportion of the variance.
Treatment, Sex- and Size-Dependency of
Boldness
The latency to become active within the vial was best explained by
two models. The top model contained sex and the weight at the
time of injection (Tables 4, 6), and carried a large proportion of
the weight (ωi = 0.541). Parameter estimates indicate that males
(1.685min, SE = 0.222) had shorter latencies to become active
than females (2.501min, SE = 0.338). The next best fit model
had a delta 1 AIC of 1.2 from the top model can carried a mod-
erate proportion of the weight (ωi = 0.296), indicating it was
also a good fit for the data. The model contained an interaction
between sex and juvenile weight, but only the parameter estimate
for sex was reliably below zero (Table 6), again indicating that
male crickets had shorter latencies to become active relative to
females. The remaining models all had a 1AIC greater than two
TABLE 2 | Repeatability values for the (log) latency to become active within the vial and the likelihood of fully emerging from the vial.
Latency to become active Emergence from vial
Treatment R SE P R SE P
Control (n = 78) 0.247 0.106 0.017 0.477 0.120 0.002
Juvenile bacterial injection (n = 73) 0.246 0.111 0.011 0.133 0.108 0.204
Juvenile control injection (n = 73) 0.379 0.102 0.001 0.295 0.136 0.022
Values were calculated individually for each treatment group.
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TABLE 3 | Top general linear models predicting growth rate, weight at maturation (adult weight), and the number of days until maturation.
Growth rate Adult weight Days to maturation
Parameter ß SE p Parameter ß SE p Parameter ß SE p
Intercept −0.234 0.097 0.013 Intercept 0.579 0.008 0.001 Intercept 59.257 1.248 <0.001
Sex 0.442 0.131 0.001 Sex 0.046 0.011 <0.001 Sex −3.900 1.684 0.0215
F(1, 222) = 11.35, p < 0.001, F(1, 222) = 17.49, p < 0.001, F(1, 222) = 5.361, p = 0.022,
ωi = 0.804, R
2 = 0.044 ωi = 0.700, R
2 = 0.069 ωi = 0.707, R
2 = 0.019
The effect of sex is expressed in terms of males, relative to females.
TABLE 4 | Top five models predicting the latency to become active.
Model structure 1AIC df AIC weight
Sex + Juvenile weight 0 5 0.541
Sex + juvenile weight + sex*juvenile weight 1.2 6 0.296
Juvenile weight 2.5 4 0.157
Treatment + Juvenile weight 9.3 6 0.157
Treatment + juvenile weight + treatment*juvenile weight 15.8 8 <0.001
Models not listed had an AIC weight <0.001.
and carried a decreasing proportion of the weight, and thus are
not presented further.
The probability to emerge from the vial was best explained
by two models. The top model contained only a main effect of
weight at the time of injection (Tables 5, 6), and carried a large
proportion of the weight (ωi = 0.524). The negative main effect
of weight at the time of injection suggests that crickets who were
large at the time of injection were less likely to leave the vial dur-
ing the 20min trial. To illustrate this effect of body size, one can
take the exponent of the parameter estimate multiplied by a juve-
nile weight to provide the odds an individual will emerge from the
vial. In this case, a juvenile who weighed 0.3 g at the time of injec-
tion will have approximately 22% chance that they will emerge,
while a juvenile who weighed 0.1 g at the time of injection will
have approximately a 60% chance of emerging. The next best fit
model carried a moderate proportion of the weight (ωi = 0.220),
and contained main effects of sex and juvenile weight. Only the
parameter estimate for juvenile weight was reliable below zero,
and had nearly the same magnitude as the parameter estimate
in the top model. The remaining models all had a 1 AIC greater
than two from the top model and carried a decreasing proportion
of the weight, and thus are not presented further.
Immune Function-Personality Interactions
Model comparison indicated that adult phenoloxidase activity
was not influenced by treatment (linear rate of increase in opti-
cal density relative to PBS control: control = 0.122, SE = 0.053,
juvenile control injection = 0.116, SE = 0.044, juvenile bacte-
rial injection = 0.145, SE = 0.079), but was influenced by the
average latency to become active of the individual (Table 7). The
top model carried 41% of the weight, and had 1AIC greater
than two from the null model (1AIC = 3.1). The parameter
TABLE 5 | Top five models predicting the probability of emerging from the
vial.
Model structure 1AIC df AIC weight
Juvenile weight 0 3 0.524
Sex + Juvenile weight 1.7 4 0.220
Treatment + Juvenile weight 3.4 5 0.096
Sex + juvenile weight + sex*juvenile weight 3.6 5 0.086
Treatment + juvenile weight + treatment*juvenile weight 4.0 7 0.073
Models not listed had an AIC weight <0.001.
TABLE 6 | Top generalized linear mixed models predicting the (log) latency
to become active within the vial and the likelihood of fully emerging from
the vial.
Latency to become active Emergence from vial
Parameter ß SE p ß SE p
Intercept 0.090 0.113 0.263 0.3219 0.129 0.012
Juvenile weight −0.071 0.076 0.350 −0.349 0.130 0.007
Sex −0.388 0.153 0.011 – – –
Marginal R2 = 0.024
Conditional R2 = 0.285
Marginal R2 = 0.028
Conditional R2 = 0.246
Intercept 0.090 0.113 0.263 0.250 0.189 0.186
Juvenile weight −0.239 0.128 0.062 −0.362 0.133 0.007
Sex −0.369 0.153 0.016 0.133 0.259 0.608
Juvenile weight * sex 0.259 0.159 0.104 – – –
Marginal R2 = 0.032
Conditional R2 = 0.287
Marginal R2 = 0.028
Conditional R2 = 0.246
The effect of sex is expressed in terms of males, relative to females. All covariates were
centered on their mean value.
estimate indicates a negative relationship between the average
level of boldness and phenoloxidase activity such that individu-
als who become active quickly had higher phenoloxidase activity
relative to those who take longer to become active. Encapsulation
response did not vary by treatment (difference in gray value from
control implant: control = 70.826, SE = 3.874, juvenile control
injection = 73.670, SE = 3.461, juvenile bacterial injection =
70.826, SE = 3.021), and instead was best explained by a single
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TABLE 7 | Top generalized linear models predicting phenoloxidase activity and encapsulation rate.
Phenoloxidase activity Encapsulation rate
Parameter ß SE p Parameter ß SE p
Intercept 0.129 0.034 0.001 Intercept 76.118 3.135 0.001
Average latency to become active −0.111 0.049 0.025 Sex −9.397 4.128 0.0245
– – – – Juvenile weight −3.025 3.300 0.361
– – – – Juvenile weight*sex 2.940 4.316 0.500
F(3, 152) = 5.131, p < 0.026, F(3, 126) = 2.663, p < 0.053,
ωi = 0.402, R
2 = 0.026 ωi = 0.673, R
2 = 0.059
The effect of sex is expressed in terms of males, relative to females. All covariates were centered on their mean value.
model containing an interaction between weight at injection and
sex. This model carried 67% of the weight and was greater than 2
AIC points from the nearest model. The model contained a sig-
nificant sex effect indicating that females had lower encapsulation
rates relative to males (Table 7).
Discussion
Our results indicate, against our predictions, that early expo-
sure to bacterial pathogens does not directly influence life his-
tory characteristics or the mean-level expression of boldness.
Instead, exposure to pathogens affected the expression of behav-
ioral variance at the individual level: the repeatability of bold-
ness behavior, in terms of willingness to emerge from the vial as
adults, was affected by exposure to pathogen in juvenile stage.
Control treatments demonstrated repeatability of boldness as
adults, while those who received bacterial injection as juveniles
demonstrated a lack of repeatability in their tendency to emerge
from the vial. This was counter to our prediction that bacte-
rial infection would increase among-individual level variation
in behavior. Together, these results suggest that early life expe-
rience may not influence the mean expression of behaviors, as
we hypothesized, but instead might decrease the repeatability of
behaviors. Finally, and counter to our predictions, treatment had
no influence on immune function itself or the boldness-immune
function relationship. However, we observed a positive relation-
ship between boldness and phenoloxidase activity in hemolymph
that was independent of infection treatment. Yet, we found no
such relationship between encapsulation response and boldness.
Experience during development has been shown to influ-
ence a range of personality traits in a variety of taxa (DiRienzo
et al., 2012; Bengston et al., 2014; Härkönen et al., 2014). Yet,
in this study, we found that pathogen exposure during early
juvenile stages did not directly influence the level of boldness
in the population, but instead impacted the repeatability in
one aspect of boldness behavior (emergence from the vial), but
not the other aspect of boldness behavior (latency to become
active). This result is similar to a recent study in the Eurasian
minnows, Phoxinus phoxinus, that were experimentally infected
with the brain-encysted trematode parasite, Diplostomum phoxi
(Kekäläinen et al., 2014). Experimentally infected minnows were
not repeatable in terms of their exploration behavior, in contrast
to the significantly repeatable control groups. Yet, infection had
the opposite effect on other behaviors, as infected individu-
als were repeatable in their activity levels, while control indi-
viduals were not repeatable in their activity levels (Kekäläinen
et al., 2014). Granted, the brain infecting parasite used in the
Kekäläinen et al. (2014) study is dramatically different from the
bacterial pathogen used in this study. Yet, the similar trend
of a lack of repeatability in response to pathogens is inter-
esting, but the adaptive value, if any, of why individuals will
or will not develop consistent variation in behavior in some
conditions is unknown. One possible explanation might be
that the early pathogen exposure predicts some level of future
environmental variability where greater behavioral plasticity is
favored. As seen in this study, the decrease in among-individual
variance when exposed to pathogens suggest that extreme per-
sonality types might be less favored in a pathogen rich envi-
ronment. Alternatively, increased within-individual variation in
behaviors might be a behaviorally mediated risk-spreading strat-
egy against potential future pathogen rich environment instead
of increased immunity. Interestingly, the repeatability of the
latency to become active was not affected by bacterial treat-
ment. This measure might become uncoupled from the prob-
ability of emergence as activity within a safe environment is
unlikely to increase encounter rates with pathogens outside the
refuge. However, this is highly speculative and a large amount
of additional research is needed to understand the fitness conse-
quences associated with highly variable behavior in pathogen rich
environments.
Regardless of the adaptive nature, if there is one, this result
provides a new insight regarding the sensitivity of personality
with respect to environmental conditions during ontogeny. Here,
a single event several weeks before adulthood resulted in a differ-
ence in the behavioral repeatability, but did not affect the popu-
lation mean level boldness behavior. This study, as well as other
studies investigating the role of experience in personality devel-
opment, highlight the importance of accounting for experience
during ontogeny when investigating personality. For example, if
individuals confront repeatable variation in their environmen-
tal conditions, which is inevitable in natural conditions, it may
generate among-individual variation in behaviors. This in turn
would drive environmentally induced personality (Stamps and
Groothuis, 2010a). Furthermore, seasonal and yearly variation in
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environmental conditions will subsequently affect not only the
mean personality type in population, but also the level of behav-
ioral consistency. Thus, the impacts of personality on ecologi-
cal and evolutionary processes will be affected by any associated
developmental effects on personality (Wolf and Weissing, 2012).
Contrary to predictions, we did not discover a relationship
between personality and immune function within treatments.
Yet, we did discover a negative relationship between the latency
to become active and phenoloxidase activity independent of
treatment. Overall, individuals who became active more quickly
also had higher phenoloxidase activity. This result is in line with
previous findings indicating that lytic activity, another aspect of
invertebrate immune function, demonstrates a negative relation-
ship with freezing time (Kortet et al., 2007). Still this same study
did not show a relationship between lytic activity and the latency
to become active (as measured in this study). Also, it is important
to note that the R2 of the best fit model (R2 = 0.033) was small,
suggesting that boldness itself explains a rather small propor-
tion of the variation in phenoloxidase activity. Current theories
suggest that the immune function and personality may become
correlated through positive feedback loops where early invest-
ment in immune function facilities increases in costly personal-
ity traits such as boldness, aggression, and activity (Kortet et al.,
2010).While intuitive, empirical studies demonstrating such pos-
itive feedback loops between immune function and personality
are rare (but see Butler et al., 2012). Alternative theories posit
that individuals must make tradeoffs between costly traits, and
are backed up by several studies demonstrating a negative rela-
tionship between personality traits and immune function (Wil-
son et al., 1993; Rigby and Jokela, 2000; Barber and Dingemanse,
2010).
The differences in the repeatabilities between the treatment
groups suggest that our immune challenge did affect aspects
of personality development, likely by increasing adult within-
individual variance, but not immune function. The lack of effect
of bacterial treatment on immune function could be for several
reasons. In this experiment, all individuals were given ad libi-
tum food and water. The lack of resource limitation may have
prevented individuals from having to make tradeoffs between
personality and immune traits (Van Noordwijk and De Jong,
1986; Stearns, 1989). Additionally, the bacterial treatment group
received only a single injection. It is possible that it requires
more frequent pathogen exposure, or a greater magnitude of
exposure, to trigger changes in immune investment compared
to changes in behavioral variation. Finally, the pathogen expo-
sure may have affected the mean trait value of other aspects of
personality that are more energetically costly, such as aggressive
behavior or activity levels which were not measured in this study.
Nonetheless, our results provide evidence that immune function
and personality are related, yet, the relationship between the two
is not affected by the developmental experiences used in this
study.
In conclusion, we demonstrate that a single early exposure to
a bacterial pathogen is sufficient to alter the expression of bold-
ness personality as adults. Our results underline the sensitivity
of early developmental stages for ecological conditions in the
context of personality development. Moreover, treatment did not
trigger alternativemean level immune investment or an immune-
personality tradeoff, potentially due to housing conditions during
the experiment (e.g., ad lib. food), or simply because immune
function does not covary with this particular aspect of person-
ality. Thus, we suggest additional research is needed to better
understand the immune-personality relationship. Future stud-
ies will employ more ecologically relevant conditions (e.g., food
limitation) and behaviors (e.g., activity) in combination with var-
ied frequencies of pathogen exposure. Nonetheless, our results
provide new insight into the important role of early ecological
experience in the ontogeny of personality, and highlight both the
practical and theoretical necessity of understanding this complex
relationship.
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